Mammalian immune system development depends on instruction from resident commensal microorganisms. Diseases associated with abnormal immune responses towards environmental and self antigens have been rapidly increasing over the last 50 years. These diseases include inflammatory bowel disease (IBD), multiple sclerosis (MS), type I diabetes (T1D), allergies and asthma. The observation that people with immune mediated diseases house a different microbial community when compared to healthy individuals suggests that pathogenesis arises from improper training of the immune system by the microbiota. However, with hundreds of different microorganisms on our bodies it is hard to know which of these contribute to health and more importantly how? Microbiologists studying pathogenic organisms have long adhered to Koch's postulates to directly relate a certain disease to a specific microbe, raising the question of whether this might be true of commensal-host relationships as well. Emerging evidence supports that rather than one or two dominant organisms inducing host health, the composition of the entire community of microbial residents influences a balanced immune response. Thus, perturbations to the structure of complex commensal communities (referred to as dysbiosis) can lead to deficient education of the host immune system and subsequent development of immune mediated diseases. Here we will overview the literature that describes the causes of dysbiosis and the mechanisms evolved by the host to prevent these changes to community structure. Building off these studies, we will categorize the different types of dysbiosis and define how collections of microorganisms can influence the host response. This research has broad implications for future therapies that go beyond the introduction of a single organism to induce health. We propose that identifying mechanisms to re-establish a healthy complex microbiota after dysbiosis has occurred, a process we will refer to as rebiosis, will be fundamental to treating complex immune diseases.
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What is dysbiosis?
Our current knowledge of the architecture of a healthy microbiota comes from multiple studies in individuals with no overt signs of disease (Huttenhower et al., 2012) . This structure includes Bacteroidetes and Firmicutes as the dominant bacterial phyla present in stool samples and Proteobacteria and Actinobacteria being a small but consistent presence in most people. Broadly defined, dysbiosis is any change to the composition of resident commensal communities relative to the community found in healthy individuals. In the last decade, a number of studies have documented significant changes in the structure of microbial communities in patients and mouse models of inflammatory bowel diseases (IBD) such as Crohn's and ulcerative colitis (UC) (Frank et al., 2007) , diabetes (Karlsson et al., 2013) , asthma (Abrahamsson et al., 2013) , allergies and even autism (Parracho et al., 2005) . Given the emerging importance of the microbiota to host development, it is speculated that these observed changes in microbial composition are contributing factors to the initiation and/or persistence of many of these diseases.
There are multiple ways that the structure of the microbial community can be influenced. This includes the genetics of the host, diet, infection, or medical interventions (such as antibiotics). The hygiene hypothesis originally proposed that antibiotic usage and lifestyle alterations that limit microbial exposure were predisposing populations of people in developed countries to autoimmune disease (Strachan, 2000) . Therefore it was suggested that, due to the inability to differentiate between pathogen and commensal, antibiotics disturb microbiota structure and, subsequently, the coevolutionary relationship between our immune system and the symbionts we host. Since then a significant amount of research has gone into exploring the functional importance of the microbiota and the influence antibiotic treatment has on its architecture (Ubeda et al., 2010; Buffie et al., 2012; Cho and Blaser, 2012) . Interestingly, antibiotics commonly used in the clinic have significant impacts on our microbial residents (Table 1) . Importantly, many antibiotics have long lasting effects on the microbiota, leading to the permanent loss of some organisms, while others outgrow and persist. While these studies have documented dysbiosis in the context of disease or antibiotic use, recent investigations have begun to identify causality between dysbiosis and disease progression. Collectively, these studies now allow us to better understand what dysbiosis is and begin to categorize it into three types that will be discussed in depth here. These include (i) loss of beneficial microbial organisms, (ii) expansion of pathobionts or potentially harmful microorganisms and (iii) loss of overall microbial diversity (Fig. 1) . These three types of dysbiosis are not mutually exclusively and may all occur concurrently. This review is intended to help synthesize the current data to allow a more defined understanding of what dysbiosis is and how it influences health, immune system development and disease.
Loss of beneficial microbial organisms
It has become well established that the microbiota is important for the maturation and development of appropriate intestinal immune responses (Round and Mazmanian, 2009; Cho and Blaser, 2012; Hooper et al., 2012) . Recent studies have begun to identify the organisms and their mechanisms responsible for eliciting immune development within the host. The immune response must be carefully balanced between the inflammation required for pathogen eradication and tolerant reactions that prevent unwanted immune responses towards self tissue and commensals. Tolerant mechanisms evolved by the host include production of mucus and antimicrobial peptides to create a barrier between host tissue and microbes (Johansson et al., 2008; Vaishnava et al., 2011) , modification of bacterial products to make them less immunogenic (Bates et al., 2007) , production of antibodies that can directly bind to and influence microbial function (Fagarasan and Honjo, 2003; Peterson et al., 2007; Slack et al., 2012) and anti-inflammatory T cells. Interestingly, specific members from the microbiota have been identified that can directly co-ordinate many aspects of the host immune response.
Tolerance to self tissue and resident commensals is, in part, governed by a specialized subset of T lymphocytes termed T regulatory cells (Tregs) (Josefowicz et al., 2012) . These cells are marked by the expression of a transcription factor, Foxp3 (Fontenot et al., 2003) . Mutations in the Foxp3 gene result in a loss of Treg development in both mouse and humans and subsequent inflammation and autoimmunity at multiple organ sites, demonstrating the importance of Treg populations to host health. Several recent investigations have identified resident microorganisms that are capable of inducing these cell types within the intestine of the host (Round and Mazmanian, 2010; Atarashi et al., 2011) . Initial experiments demonstrated that Treg function is compromised in germfree mice and can be restored by either monoassociation with the human commensal Bacteriodes fragilis or with a defined mix of Clostridium strains from groups IV and XIVa. Colonization of animals with either of these organisms protects animals from colitis in a Tregdependent manner through distinct mechanisms. The Clostridium strains induce TGF-β expression from intestinal epithelial cells (IECs) to enhance the differentiation of inducible colonic Tregs (Atarashi et al., 2013) ; while B. fragilis utilizes a capsular polysaccharide, PSA, that binds to TLR2 on both dendritic cells and T cells to induce IL-10 and enhance the suppressive capability of Tregs (Round et al., 2011; Shen et al., 2012) . Other Bacteriodes strains have also been reported to increase the total numbers of Tregs within the colon, including B. caccae, B. thetaiotaomicron, and B. vulgaris, although this is not seen in all systems (Faith et al., 2014) . Several other strains of commensal bacteria have evolved the capacity to induce Tregs and confer protection from inflammatory disease. These include multiple strains of Lactobacillus such as L. acidophilus and several strains of Bifidobacterium, including B. breve, likely making induction of Tregs a common mechanism employed by bacteria to induce tolerance in the gut. The mechanisms by which these many of these organisms influence Treg biology remain untested but likely include bacterial derived products such as short-chain fatty acids (SCFAs) (Schmidt et al., 2010) . SCFAs are microbial fermentation products from dietary fibre and include propionate, acetate, butyrate, and formate. These products have been shown by multiple groups to be responsible for regulating the Treg pool within the colon and provide protection from experimental colitis (Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013 (Smith et al., 2013; Singh et al., 2014) . Not surprisingly, GPCR43 expression is increased on Tregs specifically within intestinal tissues (Smith et al., 2013) . Consequently, loss of these receptors leads to susceptibility of animals to colonic inflammation and colon cancer. While Tregs are a key component of tolerance induction within the intestine, commensal organisms have evolved other mechanisms to suppress inflammation. Patients with IBD have elevated levels of inflammatory cytokines such as TNF-α and IP-10. As discussed above, the levels of these cytokines are often opposed by the induction of Tregs, and this is the mechanism utilized by the host to maintain homeostasis within the gut. Recently, however, a group uncovered a mechanism by which commensal bacteria can directly reduce inflammation by targeting the cytokines themselves. Lactobacillus paracasei and L. casei both encode a protease called lactoceptin that specifically degrades the inflammatory cytokine IP-10 (von Schillde et al., 2012) . Degradation of secreted and cellassociated IP-10 lead to reduced lymphocyte recruitment during an animal model of ileitis. Thus, members of the microbiota have evolved ways to directly antagonize the effects of the host inflammatory response and therefore directly aid in the maintenance of intestinal homeostasis.
Unlike T cells that recognize protein antigens, invariant NKT cells (iNKT) recognize lipid antigens and play important roles in innate and adaptive inflammation. Interestingly, the development of these cell types is dynamically regulated by the microbiota such that GF mice have elevated numbers of these cells within the gut (Olszak et al., 2012) . Animals containing increased numbers of iNKT cells are more susceptible to colitis, thus the identification of how the microbiota functions to suppress iNKT cell numbers in the gut could lead to an important therapeutic intervention. A recent report demonstrated that mono-association of germfree mice with B. fragilis is sufficient to suppress the development of this population . B. fragilis contains a gene with high homology to enzymes involved in sphinoglipid biogenesis. Deletion of this gene in B. fragilis prevents the suppression of iNKT cell development, indicating that B. fragilis utilizes these lipids to influence iNKT cell biology. Indeed, these investigators purified sphingolipids from B. fragilis and showed that they are capable of reducing iNKT cell activation and protecting animals from disease. Importantly, early exposure to B. fragilis is required to inhibit iNKT cell development, and monocolonization of adult germfree mice is insufficient to protect against colitis. As discussed earlier, B. fragilis is also able to modulate Treg responses (Ochoa-Reparaz et al., 2010; Round and Mazmanian, 2010) . These studies reveal that a single commensal organism can possess several mechanisms to positively influence host biology and highlights the complexity and intimacy of host-commensal relationships.
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Reduced diversity Loss of beneficial microbes Fig. 1 . A loss of beneficial microbes, expansion of pathobionts, and loss of diversity are events that encompass dysbiosis. During healthy, homeostatic conditions the microbiota is composed of a diversity organisms that are known to benefit host development and health. However, environmental insults, such as antibiotic use or diet can lead to disruptions in the structure of the microbial community. These disruptions can lead to a loss of organisms that are beneficial to the host and a subsequent overgrowth of commensals that have the potential to cause harm, termed pathobionts. Domination of the microbiota by pathobionts can lead to inflammation and pathology. Additionally, multiple studies have described the diversity of contributions made by the various members of the microbiota. Oftentimes, these are non-redundant influences on host health, thus a total loss of diversity in the microbiota can also influence disease progression or severity and thus also represents a dysbiosis event.
Clinical investigations provide support for these animal studies. Culture-independent analyses of patients with CD and UC have revealed a distinct loss of symbionts residing within the colonic mucosa as compared to healthy individuals. Specifically, loss of Clostridium groups XIVa and IV is observed within faecal and mucosal samples in IBD patients (Gophna et al., 2006; Frank et al., 2007) . These observed reductions were seen consistently whether patients were actively experiencing clinical symptoms or within remission and were not correlated with recent antibiotics. This argues that the loss of beneficial microbes is an underlying issue and not simply a reflection of increased inflammation or treatment. Conflicting results have been reported for the phyla Bacteroidetes. Using mucosal tissues from small intestines and colons from 190 patients that included equal numbers of CD, UC, and healthy controls, Frank et al. identified approximately 800-1600 OTUs and observed a significant decrease in the OTUs and relative abundance of Bacteroidetes within IBD patients. Other studies including microbial identification from faecal samples have observed increases in Bacteroidetes within IBD patients (Mangin et al., 2004; Gophna et al., 2006) . This, however, may reflect differences in culture-dependent versus -independent techniques, the depth of microbial sequence sampling, or tissue versus faecal sampling differences. Collectively, these studies identify important ways in which commensal bacteria positively influence mammalian biology, thus loss of these organisms represents an important aspect of dysbiosis.
Expansion of pathobionts
The microbiota also contains members that have the capacity to cause harm to the host. These organisms have been termed pathobionts to indicate their potential to cause pathology (Chow and Mazmanian, 2010) . Pathobionts are typically kept at low levels within a healthy gut and do not cause problems in immunecompetent hosts; however, there are several examples that outgrowth of these organisms can contribute to disease. Thus, expansion of pathobionts represents a second category of dysbiosis.
The most often reported incidence of pathobiont expansion is that of Proteobacteria and in particular the family Enterobacteriaceae, which contains members such as Escherichia coli, Shigella and Klebsiella (Lupp et al., 2007) . This is true in multiple mouse models of colitis, including animal models carrying mutations within genes that are associated with IBD (Ayres et al., 2012) . In particular, the deletion of TLR5, a Toll-like receptor (TLR) responsible for recognizing flagellar proteins, results in low grade inflammation, colitis and metabolic syndrome with incomplete penetrance (Vijay-Kumar et al., 2010; Carvalho et al., 2012; Cullender et al., 2013) . These disease phenotypes are lost when animals are re-derived with a microbiota from Jackson labs, suggesting a role for the composition of the microbiota in driving disease. To identify microbial communities associated with colitis in TLR5 deficient animals, the microbiota was compared between colitic and non-colitic TLR5 −/− animals. Interestingly, animals that developed spontaneous colitis also had a threefold increase in Proteobacteria. More importantly, members of Enterobacteriaceae, such as E. coli, were found to be preferentially associated with the mucosa and able to penetrate the tissue. To show the requirement for E. coli for colitis induction in TLR5 −/− animals, they antibiotic treated TLR5
−/− and WT animals and then treated the mice with an adherent invasive E. coli (AIEC) strain. TLR5 −/− animals were unable to manage levels of these flagellated bacteria and harboured a 10-fold larger bacterial load. Moreover, all TLR5 −/− animals receiving this strain succumbed to colitis, demonstrating that E. coli were sufficient to cause colitis in the absence of TLR5.
Klebsiella pneumonia and Proteus mirabilis, both members of the Enterobacteriaceae family, also expanded to induce colitis within T-bet −/− X Rag2 −/− mice (Garrett et al., 2007) . Rag deficient animals lack any T or B cells and therefore crossing these mice causes a lack of Tbet in cells of the innate immune system. Interestingly, these species required an intact microbiota for disease induction and were not sufficient to induce colitis on their own. As a final example, when animals are treated with antibiotics and subsequently induced for colitis using DSS, expansion of a multi-drug-resistant E. coli strain occurs that is able to penetrate the intestinal mucosa and cause sepsis (Ayres et al., 2012) . Multiple studies have demonstrated how these organisms are able to exploit the inflamed environment and expand their numbers, and these mechanisms have been reviewed elsewhere (Spees et al., 2013) . Importantly, the expansion of Enterobacteriaceae is also seen in patients suffering from CD and UC in both tissue and faecal samples (Frank et al., 2007) , consistent with what is seen in mouse models; however, much work needs to be done to better understand whether these organisms truly initiate disease or simply exacerbate disease progression.
Other types of organisms have been reported to expand in other animal models of immune deficiency. NLRP6 is a member of the nucleotide-binding oligomerization domain protein like receptors (NLRs), a class of cytoplasmic receptors that recognize bacterial products. NLRP6 −/− mice have an increased abundance of Prevotella spp. and TM7 and are highly susceptible to colitis induced by dextran sodium sulfate (DSS) (Elinav et al., 2011) . The colitis is transmissible as co-housing NLRP6 −/− and WT mice results in increased susceptibility to disease in the WT animals. Thus, the NLRP6 deficiency is not required for pathology, but rather allows for the expansion of a subset of organisms that promote inflammation. Finally, while the vast majority of our microbial inhabitants are bacteria, mammals are also colonized by fungal and viral members. In general, yeast are not susceptible to antibiotic treatment, and one common sideeffect of antibiotic use is the outgrowth of yeast strains such as Candida albicans. A recent study highlighted the importance of controlling fungal overgrowth to intestinal health by investigating the role of Dectin-1 within the gut (Iliev et al., 2012) . Dectin-1 is a receptor that recognizes alpha-mannans from the cell wall of yeast, and mice deficient in this receptor are more susceptible to DSS colitis that can be treated with fluconazole, an antifungal drug that does not target bacteria. These data indicate that yeast outgrowth can worsen disease and our immune system has evolved elegant mechanisms to regulate yeast populations in the gut. Similarly, a study showed that antibiotic treatment of animals allowed overgrowth of C. albicans, which increased plasma concentrations of prostaglandin E2 (PGE 2) (Kim et al., 2014) . The increase in PGE2 caused susceptibility to allergies in these animals that could be suppressed when PGE2 synthesis was blocked. Thus, antibiotic treatment can allow for outgrowth of fungal species in the gut that can influence extra-intestinal disease within the host. Viral members of our microbiota are only just beginning to be identified, presenting new players in the complex relationship between genetic and environmental factors that lead to disease. Polymorphisms within the gene ATG16L1 confer a twofold higher risk to the development of IBD. When mice contain a hypomorphic mutation within ATG16L1, they experience histological abnormalities and increased colitis similar to Crohn's disease patients carrying polymorphisms within the same gene (Cadwell et al., 2010) . Interestingly, chronic infection with a specific strain of mouse norovirus is required for the observed phenotype within mice. Although this is not an example of expansion, it highlights the likelihood of unknown viral pathobionts playing a role in the development of dysbiosis associated diseases.
It is unlikely that pathobiont expansion alone would cause disease, as decades of research have been dedicated to identifying a single organism capable of inducing IBD and none have been found. Supporting this, subclinical twins and immediate family members posses a microbiota that resembles that of a related IBD patient; however, none of these infectious agents had the ability to induce IBD within a healthy individual. Therefore, it is possible that concomitant reductions in beneficial microbes or a loss of diversity must also occur to promote disease. Collectively, these studies investigate both wellcharacterized and newly discovered pathobionts, capable of inciting harmful effects on the host when given the opportunity to expand.
Loss of diversity: more is better
There is evidence that members of the microbiota have diverse and non-redundant contributions to host health. For instance, some organisms promote the development of anti-inflammatory networks while others induce protective inflammatory responses. Additionally, while some host-microbe interactions can be initiated by multiple species, others involve a more unique relationship with exclusive community members (Faith et al., 2014) .Therefore, gaining the maximum health benefits from the microbiota may require a more complex and diverse collection of organisms, and, indeed, several recent experiments support this notion. Thus, an important aspect of dysbiosis can also include a loss of total microbial diversity.
As discussed above, Treg function is compromised in germfree animals. In order to identify organisms that complement this deficiency, diluted human stool samples enriched for chloroform-resistant bacteria were used to colonize germfree animals. Interestingly, these Clostridia species, containing over 30 different strains, induced a threefold expansion of Tregs within the gut over un-colonized controls. Importantly, Treg induction within the host was diminished when mice were colonized with only a single strain from this Clostridia collection, as compared to animals colonized with over 15 different Clostridia strains. These data suggest that a greater diversity of organisms, even within the same family, can maximally induce host cellular development (Atarashi et al., 2011; . Whether these strains amplify Treg activity through the same pathway or work through distinct mechanisms remains unclear, but will be important to our understanding of how these organisms influence host health.
Early exposure to these diverse communities of microbes appears to be an additional facet to maintaining a healthy host-microbiota relationship (Cho and Blaser, 2012; . The antibody isotype, IgE, is associated with allergic responses, and animals with increased concentrations of IgE develop worsened allergic disease. Despite a reduction in all other isotypes, IgE is greatly elevated in the serum of germ-free mice, indicating a specific requirement for the microbiota in suppressing this antibody (Cahenzli et al., 2013) . Colonization of germfree mice early in life with a complex microbiota reduces IgE levels and prevents allergy; however, if germfree animals are colonized during adult stages, suppression of IgE levels does not occur. To better understand the minimal microbial diversity required for How changes in microbiota structure influence health 1029 IgE suppression, germfree mice were first colonized by a single species, E. coli, which was incapable of suppressing IgE levels. Bi-colonization with two species, Lactobacillus murinus and Parabacteriodes distasonis, also failed to suppress IgE levels. When germfree animals were colonized with eight different organisms that included L. murinus and P. distasonis half of the animals still displayed hyper-IgE production. Suppression of IgE was only evident when the animals were colonized with up to 40 different strains of bacteria. Taken together, these studies suggest that a greater diversity of microbial organisms is required for maximal benefits to the host.
While many studies have found correlations with changes in the microbiota abundance and allergy, few studies have been able to look at the microbiota early in life and then follow the same children out to see if they develop disease. However, a recent study was able to collect microbiota samples from children during there first week of life and again at 1 month and 12 months after birth (Abrahamsson et al., 2013 ). These same children were then assessed for allergic disease and asthma at age seven. Interestingly, the children that developed asthma all had lower microbial diversities early in life when compared to the non-asthmatic children, suggesting that early life microbial diversity might protect from disease later in development. Rigorous studies still need to be performed; however, these studies suggest that increased microbial diversity is better. While we have discussed three distinct types of dysbiosis, it is likely that dysbiosis encompasses all three of these manifestations concomitantly to influence disease.
Rebiosis: establishing a microbial community back to a healthy state
A handful of studies have now demonstrated that replacement of beneficial bacterial species can protect and even cure diseases in animal model systems and human patients (Mazmanian et al., 2008; Sokol et al., 2008; Ochoa-Reparaz et al., 2010; Round and Mazmanian, 2010) . In humans, this has been best established for Clostridium difficile infections (Aas et al., 2003) . C. difficile infection is a major cause of antibiotic-associated diarrhoea and becoming an increasing healthcare burden (Kachrimanidou and Malisiovas, 2011) . C. difficile infections can cause a wide range of diseases that include severe diarrhoea, pseudomembranous colitis, and toxic megacolon. Infection is usually treated with vancomycin or metronidazole; however, in 25-30% of cases a recurrent disease follows, with each relapse increasing the likelihood of another recurrence. Interestingly, when a more narrow spectrum antibiotic is used that does less damage to the microbiota, there are lower recurrence rates of C. difficile, suggesting that the microbiota may play a protective role during infection. It has now been shown in both mouse models and, more importantly, humans that a faecal microbiota transplant (FMT) from a healthy donor can help displace C. difficile infection and prevent recurrences. After a large number of uncontrolled trials demonstrated high success rates for microbiota transplantation in resolving C. difficile infections, a randomized study recently revealed an 81% success rate following a single transplant with a 98% success rate after a second Vrieze et al., 2013; Pamer, 2014) . These studies highlight the potential therapeutic value of identifying ways to restore a 'healthy' microbiota, a process we will refer to as rebiosis.
There are several potential candidate approaches for rebiosis aside from FMT described above. Multiple investigations have sought to identify functional members of the microbiota that can be cultured and therefore used as a probiotic either in the form of a pill or embedded in food items. Given the importance of microbial diversity it is likely that no one single organism will work most effectively, but rather a complex assortment of organisms will provide the maximum benefit. Indeed, yogurts and probiotics are beginning to incorporate multiple strains of organisms. The downside to this therapy is that it relies on the ability to culture these organisms within the lab, yet it is estimated that only 20-30% of these organisms are culturable, meaning that a large, likely very important constituent of the microbiota will not be sampled. Another method to maintain or restore a healthy microbiota could potentially be the use of pre-biotics, which are nondigestible ingredients that stimulate the growth and activity of certain bacterial groups. There are a few known substances that meet these criteria, such as inulin, but much work is needed to identify the best nutritional sources for the microbiota. A better understanding of how host immune pathways influence the structure of the microbial community might also open up new avenues for improved therapies for manipulating microbial communities. Mammalian immune systems have acquired elegant mechanisms for mounting antigen-specific immunity against pathogens and therefore might also use similar mechanisms to control the microbiota. If true, then engineered therapies that target specific microbes while keeping the rest of the microbiota intact would be possible. The microbiota represents an important aspect of human health that we are only beginning to understand; therefore, much work lies ahead to tap into the therapeutic value of these microbial symbionts.
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